Cryptosporidial infection causes dysregulated transcription of host genes key to intestinal epithelial homeostasis, but the underlying mechanisms remain obscure. Previous studies demonstrate that several Cryptosporidium parvum (C. parvum) RNA transcripts are selectively delivered into epithelial cells during host cell invasion and may modulate gene transcription in infected cells.
| INTRODUCTION
Cryptosporidium, a protozoan parasite, is a long-recognised cause of chronic and life threatening enteric disease in HIV-AIDS patients and among those suffering from immunosuppression due to malignancies or drug treatment associated with transplantation (Chen, Keithly, Paya, & LaRusso, 2002; Striepen, 2013) . After rotavirus, Cryptosporidium is the most common pathogen responsible for moderate-to-severe diarrhoea in children younger than 1 year old, particularly in developing regions (Kotloff et al., 2013) . Infection with Cryptosporidium shows significant association with mortality in this age group and appears to predispose children to lasting deficits in body growth and cognitive development (Kotloff et al., 2013; Pierce & Kirkpatrick, 2009; Putignani & Menichella, 2010) . Despite its significant morbidity, mortality, and cost to society, there is currently no fully effective therapy available (Checkley et al., 2015) . The Cryptosporidium parvum (C. parvum) and Cryptosporidium hominis species cause the majority of cryptosporidial infections in humans (Chen et al., 2002; Striepen, 2013) .
The interactions between Cryptosporidium and host cells may involve exchanges of distinct effector molecules from either side; in particular, parasite-related factors could be transmitted into host cells, playing a role in the pathogenesis of the disease. After excystation in the intestine, infective Cryptosporidium sporozoites attach to the apical membrane of intestinal epithelial cells and establish an intracellular yet extracytoplasmic parasitophorous vacuole for intracellular parasitic development (Chen et al., 2002; O'Donoghue, 1995) . At the initial stage of infection, discharge of parasite rhoptry and microneme contents occurs, which presumably facilitates parasite entry and parasitophorous vacuole formation (Sibley, 2004) . Several parasite proteins have been demonstrated to be delivered into host epithelial cells and be involved *These authors contributed equally to this work in parasite intracellular development (O'Connor, Wanyiri, Wojczyk, Kim, & Ward, 2007) . Cryptosporidial infection causes significant alterations in the gene expression profile in host epithelial cells (Deng, Lancto, & Abrahamsen, 2004; Yang et al., 2009) . Follow-up studies evaluating the role of such changes in the pathogenesis of intestinal cryptosporidiosis have been focused on these upregulated genes, such as interleukin 8, interleukin 6, nitric oxide synthase 2, C-X-C motif chemokine ligand 2, intercellular adhesion molecule 1, and trefoil factor 1, which are mainly associated with host defence responses and cell survival in general (Alcantara et al., 2003; Deng et al., 2004; Laurent et al., 1997; Tarver et al., 1998) . In contrast, many of the downregulated genes code effector proteins important for cell proliferation, differentiation, and metabolism, including LDL receptor related protein 5 (LRP5), frizzled class receptor 7 (FZD7), polycomb group ring finger 2 (PCGF2), nuclear receptor subfamily 1 group D member 2, cyclin D1, and solute carrier family 7 member 8 (SLC7A8; Deng et al., 2004; Fraga, Pinho, & Soares-da-Silva, 2005; Goel et al., 2012; Kuhnert et al., 2004; Won et al., 2012) . Molecular mechanisms of host gene trans-suppression during cryptosporidial infection remain obscure.
A certain portion of the genomes of most eukaryotic cells is transcribed as non-protein-coding RNAs (ncRNAs; Prasanth & Spector, 2007; Ulitsky & Bartel, 2013) . Although once thought of primarily as "junk," recent studies indicate that many ncRNAs are functional Ulitsky & Bartel, 2013) . Many ncRNAs function through specific interactions with other cellular factors, namely, proteins, DNA, and other RNA molecules. Known examples include cotranscriptional regulation of gene expression in cis or in trans through recruitment of proteins or molecular complexes to specific gene loci, scaffolding of nuclear or cytoplasmic complexes, titration of RNA-binding proteins (RBPs), and pairing with other RNAs to trigger posttranscriptional regulation (Carpenter et al., 2013; Chu, Qu, Zhong, Artandi, & Chang, 2011; Gomez et al., 2013; Guttman et al., 2011; Khalil et al., 2009) . Recent genomic research has revealed the expression of novel ncRNA genes in the protozoan group of parasites. One hundred sixty-four long ncRNAs were reported in Plasmodium falciparum at the intra-erythrocytic development (Liao et al., 2014) . A detailed analysis of a full-length cDNA library constructed from C. parvum identified 118 "orphan" candidate genes with little homology to known annotated protein-coding genes, and their RNA transcripts predict no complete open reading frames (Puiu, Enomoto, Buck, Abrahamsen, & Kissinger, 2004; Yamagishi et al., 2011) .
In our previous studies, we demonstrated that several RNA transcripts of C. parvum "orphan" genes are delivered into epithelial cells during C. parvum infection and may modulate gene transcription in infected cells . The heat-shock protein 70 (HSP70), the most abundant chaperone protein in many mammalian cell types, has been implicated to be hijacked by some RNA viruses for their replication or nuclear import (Manzoor et al., 2014; Nagy, Wang, Pogany, Hafren, & Makinen, 2011) . Several of these C. parvum RNA transcripts were selectively delivered into the nuclei of infected intestinal epithelial cells through an HSP70-mediated nuclear importing mechanism. Overexpression of selected host-cell-imported C. parvum transcripts in intestinal epithelial cells resulted in significant changes in expression levels of specific genes, with significant overlapping with alterations in gene expression profiles detected in host cells following C. parvum infection . One of the C. parvum "orphan" gene transcripts that is delivered into the nuclei of infected epithelial cells is Cdg7_FLc_0990 (GeneBank ID: FX115678.1; Wang et al., 2016; Yamagishi et al., 2011) . In this study, we investigated how host gene trans-suppression may be induced by Cdg7_Flc_0990.
Our data demonstrate that delivery of Cdg7_Flc_0990 into infected intestinal epithelial cells suppresses transcription of the LRP5, SLC7A8, and interleukin 33 (IL33) genes through histone modification-mediated epigenetic mechanisms.
2 | RESULTS 2.1 | C. parvum infection suppresses the transcription of a panel of genes in infected intestinal epithelium Genome-wide mRNA array analysis in previous studies revealed significant alterations in gene expression profiles in human intestinal HCT-8 epithelial cells after C. parvum infection in vitro (Deng et al., 2004; Yang et al., 2009) . Some of these genes code proteins key to epithelial proliferation, differentiation, metabolism, or immune response, such as LRP5, SLC7A8, FZD7, PCGF2, and IL33. Our real-time polymerase chain reaction (PCR) analysis of HCT-8 cells and immature human (FHs 74 INT) intestinal epithelial cells (Hirai et al., 2002) following infection in vitro confirmed the downregulation of those genes ( Figure 1a (Kapel et al., 1996; Lacroix, Mancassola, Naciri, & Laurent, 2001; Novak & Sterling, 1991) , we further confirmed the suppression of this panel of genes in ileum epithelium after C. parvum infection in vivo. A mild inflammatory infiltration, with a shorter height of the intestinal villi than that from the noninfected mice, was detected in the ileum epithelium of mice at 48 hr after C. parvum administration (Figure 1b) . The RNA expression levels of Lrp5, SlcA8, Fzd7, Pcgf2, and Il33 genes in the ileum epithelium from mice after C. parvum infection for 24 hr were significantly lower than those in the noninfected control mice (Figure 1c ).
2.2 | Suppression of LRP5, SLC7A8, and IL33 expression induced by C. parvum infection is HSP70-dependent and mediated by Cdg7_FLc_0990
To test whether nuclear delivery of C. parvum RNAs plays a role in gene trans-suppression in infected host cells, we first measured the effects of HSP70 knockdown on C. parvum-induced gene trans-suppression. HCT-8 cells were transfected with an siRNA to HSP70 and then exposed to C. parvum. Downregulation of LRP5, SLC7A8, and IL33 genes induced by C. parvum was attenuated in cells transfected with the HSP70 siRNA ( Figure 2a ). We then cloned the full lengths of Cdg7_FLc_0990, Cdg6_FLc_0690, Cdg2_FLc_0220, and Cdg2_FLc_0150, which are C. parvum "orphan" RNAs previously identified to be delivered into the nuclei of infected cells through HSP70-mediated nuclear importing mechanism . HCT-8 cells were transfected with the construct expressing each of the C. parvum RNA transcript, and the expression levels of LRP5, SLC7A8, and IL33 genes were quantified using real-time PCR. Downregulation of LRP5, SLC7A8, and IL33 genes was detected in HCT-8 cells transfected with the full-length of Cdg7_FLc_0990 (Figure 2b ). In con- (Dong & Weng, 2013) . Using chromatin immunoprecipitation (ChIP) analysis with designed PCR primers (Set1-5, Table S1 ) covering the various regions of regulatory promoters of the genes, we detected a significant increase in H3K9me3, accompanied by a modest increase in H3K27me3, in the gene loci of LRP5, SLC7A8, and IL33 in infected HCT-8 cells (Figure 3a ). ChIP analysis for the G9a, a histone methyltransferase for H3K9 methylation (Shinkai & Tachibana, 2011) , showed an increased occupancy to these gene loci in infected cells (Figure 3a) . Accordingly, an increased occupancy of .1 cells were cultured and exposed to C. parvum oocyst infection for 24 and 48 hr. Expression levels of selected genes were quantified using real-time polymerase chain reaction and compared with that in the noninfected cells as the control (Ctrl). Data are from at least three independent experiments, presented as a ratio to the control as normalised by GAPDH. (b) Infection of small intestine by C. parvum in neonatal mice. HE staining of ileum from mice at 48 hr after oral administration of C. parvum oocysts demonstrated C. parvum infection (arrows) and a reduction of height of the villi. Indirect immunofluorescent staining further confirmed the parasite infection (in green) with cell nuclei stained with DAPI in blue. Tissues from mice following oral administration of phosphate-buffered saline were used as the control. (c) Downregulation of selected genes in intestinal epithelium of C. parvum-infected neonatal mice. Ileum epithelium was isolated from mice at 24 hr after oral administration of C. parvum oocysts. Levels of selected genes in the isolated ileum epithelium were measured using real-time polymerase chain reaction and compared with that of the control (ileum epithelium from mice after oral administration of phosphate-buffered saline)
2.4 | PR domain zinc finger protein 1 (PRDM1) is required for the assembly of Cdg7_FLc_0990 to the G9a complex and gene-specific enrichment of H3K9 methylation
We further questioned whether the RNA-binding elements in the G9a complex may mediate the assembly of Cdg7_FLc_0990. The PRDM1 (also known as BLIMP-1) is a G9a-interacting protein (Gyory, Wu, Fejér, Seto, & Wright, 2004) and has been implicated in G9a-mediated histone methylation (Shin et al., 2013) . Importantly, PRDM1 is an RBP and the PR zinc finger domain mediates specific interactions with RNA molecules (John & Garrett-Sinha, 2009 ). To test whether PRDM1 is involved in the assembly of Cdg7_FLc_0990 to the G9a complex, we 2.5 | Occupancy of Cdg7_FLc_0990 and its association with G9a/PRDM1-mediated transsuppression of LRP5, SLC7A8, and IL33 genes induced by C. parvum infection To define whether Cdg7_FLc_0990 is recruited to the LRP5 and SLC7A8 gene loci to suppress their transcription in infected cells, we performed chromatin isolation by RNA purification (ChIRP) analysis (Chu et al., 2011) to measure the occupancy of Cdg7_FLc_0990 to the LRP5 and SLC7A8 genes in cells following infection. A pool of biotinylated tiling oligonucleotide probes with affinity to the Cdg7_FLc_0990 sequence was used to precipitate the chromatin fragments through glutaraldehyde cross-linking and chromatin isolation.
The DNA sequences of the precipitated chromatin fragments were identified by PCR using primers specific to various regions of the DNA sequences of the target gene loci. We detected an increased occupancy of Cdg7_FLc_0990 to the LRP5 and SLC7A8 gene loci in HCT-8 cells after exposure to C. parvum for 24 hr (Figure 5a ). An increased occupancy of Cdg7_FLc_0990 to the LRP5 and SLC7A8 genes was also detected in HCT-8 cells transfected with the FullCdg7_FLc_0990 ( Figure S4 ). FIGURE 2 Suppression of LRP5, SLC7A8, and IL33 expression induced by Cryptosporidium parvum (C. parvum) is associated with HSP70-dependent nuclear delivery of Cdg7_FLc_0990. (a) Knockdown of host cell HSP70 blocked the downregulation of LRP5, SLC7A8, and IL33 genes in infected cells. HCT-8 cells were treated with an siRNA to HSP70 for 12 hr and then exposed to C. parvum (CP) infection for additional 24 hr. Expression levels of selected genes in the infected cells were quantified using real-time polymerase chain reaction (PCR). A nonspecific scrambled siRNA (CtrlsiRNA) was used as the control. (b) Overexpression of the full-length of Cdg7_FLc_0990 caused downregulation of the LRP5, SLC7A8, and IL33 genes in host cells. HCT-8 cells were transfected with the full-lengths of Cdg7_FLc_0990, Cdg6_FLc_0690, Cdg2_FLc_0220, and Cdg2_FLc_0150, respectively, for 24 hr, and the expression levels of selected genes were quantified using real-time PCR. Cells transfected with the empty vector were used as the control. HCT-8 cells were exposed to Cryptosporidium parvum (C. parvum) infection for 24 hr. Cells were collected and assessed using chromatin immunoprecipitation assay with anti-H3K9me3, anti-H3K27me3, and anti-G9a, respectively, and with designed polymerase chain reaction primers (Set1-5) covering the various regions of regulatory promoters of the corresponding genes. The noninfected cells were used as the control (Ctrl). (b) Occupancy of G9a and enrichment of H3K9me3 to the LRP5, SLC7A8, and IL33 gene loci in cells after transfection of the fulllength of Cdg7_FLc_0990. HCT-8 cells were transfected with the full-length of Cdg7_FLc_0990 for 24 hr, followed by chromatin immunoprecipitation analysis using anti-H3K9me3 or anti-G9a and the same designed polymerase chain reaction primers for each gene. Cells transfected with the empty vector or the full-length of Cdg6_FLc_0730 were used as the control. (c) Enrichment of Cdg7_FLc_0990 in the G9a complex in cells transfected with the corresponding full-length construct. HCT-8 cells were transfected with the full-lengths of Cdg7_FLc_0990, Cdg6_FLc_0730, or the empty vector for 24 hr. Nuclear extracts were collected and applied to RNA immunoprecipitation analysis using an antiG9a, compared with that using an anti-IgG as the control
C. parvum-induced alterations of gene expression in host epithelial cells is unclear.
Cryptosporidium parvum infection induces significant alterations in gene expression profiles in infected host epithelial cells, including both upregulation and downregulation of numerous genes (Deng et al., 2004; Yang et al., 2009 ). Trans-activation of genes in infected cells is usually associated with the activation of intracellular signalling pathways, such as the TLR4/NF-ĸB and PI-3K pathways (Chen et al., 2001; Chen et al., 2004) . Our data suggest that downregulation of LRP5, SLC7A8, and IL33 genes in intestinal epithelial cells after C. parvum infection is HSP70-dependent and is associated with a marked increase of H3K9me3 in their gene loci. Intriguingly, C. parvum-induced suppressive H3K9 methylation within these gene loci depends on G9a, a key methyltransferase for H3K9, and is associated with the nuclear delivery of a C. parvum "orphan" RNA transcript, Cdg7_FLc_0990. Therefore, Cdg7_FLc_0990 may hijack the G9a/ PRDM1-mediated regulatory machinery in the host cells, resulting in trans-suppression of the LRP5, SLC7A8, and IL33 genes ( Figure 6 ).
The physical association between Cdg7_FLc_0990 and the G9a/ PRDM1 complex in the nuclei of infected host cells suggests that Cdg7_FLc_0990 may function as a scaffold molecule to modulate G9a/PRDM1-mediated H3K9 methylation, similar to long ncRNAs, which are known to act as scaffold molecules through their interactions with RBPs in chromatin-remodelling complexes (Ulitsky & Bartel, 2013) . PRDM1 is a G9a-interacting protein (Gyory et al., 2004 ) and has been implicated in G9a-mediated histone methylation (Shin et al., 2013) . We identified an increase of PRDM1 assembly in the G9a complex in cells after infection. Knockdown of Cdg7_FLc_0990 inhibited C. parvum-induced assembly of PRDM1 to the G9a complex. PRDM1 is an RBP, with several Zinc-finger C2H2 domains that can interact with DNA and RNA molecules (John & Garrett-Sinha, 2009 ). Because knockdown of PRDM1 with an siRNA can inhibit the assembly of Cdg7_FLc_0990 in the G9a complex, it is possible that Cdg7_FLc_0990 is assembled into the G9a complex through its physical interaction with PRDM1. Whether the interactions between Cdg7_FLc_0990 and PRDM1 specify the assembly of other components into the G9a complex is unclear. In addition, long ncRNAs may interact with DNA molecules to form a triple-helical structure (Ulitsky & Bartel, 2013) . As such, Cdg7_FLc_0990 may "guide" the initial recruitment of the G9a/PRDM1 complex to the LRP5, SLC7A8, and PRDM1) is required for the assembly of Cdg7_FLc_0990 to the euchromatic histone lysine methyltransferase 2 (G9a) complex and for the enrichment of H3K9 methylation to selected gene loci in infected cells. (a) Cryptosporidium parvum (C. parvum) infection increased the physical association between PRDM1 and G9a in infected cells. HCT-8 cells were exposed to C. parvum infection for 24 hr. Nuclear extracts were collected, followed by co-immunoprecipitation (Co-IP) analysis using anti-PRDM1 and anti-G9a. Nonprecipitated nuclear extracts were blotted as the input. (b) Enhanced recruitment of PRDM1 to the promoter regions of LRP5, SLC7A8, and IL33 genes in infected cells. HCT-8 cells were exposed to C. parvum infection for 24 hr, followed by chromatin immunoprecipitation analysis using anti-PRDM1 and designed polymerase chain reaction primers (Set1-5) covering the various regions of regulatory promoters of the corresponding genes. The noninfected cells were used as the control (Ctrl). (c) Assembly of Cdg7_FLc_0990 with PRDM1 in cells following infection. HCT-8 cells were exposed to C. parvum infection for 24 hr, followed by RNA immunoprecipitation analysis using anti-PRDM1 and compared using anti-IgG and non-infected cells as the controls. (d) Knockdown of PRDM1 decreased the assembly of Cdg7_FLc_0990 to the G9a complex in infected cells. HCT-8 cells were treated with the siRNA to PRDM1 for 12 hr and exposed to C. parvum infection for additional 24 hr, followed by RNA immunoprecipitation analysis using anti-G9a. (e) Knockdown of PRDM1 inhibited the recruitment of G9a and enrichment of H3K9me3 to the LRP5, SLC7A8, and IL33 gene loci induced by infection. HCT-8 cells were treated with the siRNA to PRDM1 for 12 hr and exposed to C. parvum infection for an additional 24 hr, followed by chromatin immunoprecipitation analysis using anti-G9a or anti-H3K9me3 and designed polymerase chain reaction primer set for each gene as indicated. A nonspecific scrambled siRNA (Ctrl-siRNA) was used for control orchestrates orderly and extensive reprogramming of the postnatal intestinal epithelium (Harper et al., 2011) . When the intestinal epithelium becomes mature after weanling, PRDM1 is absent in the intestinal epithelial cells. Interestingly, adult mice are resistant to C. parvum infection (O'Donoghue, 1995) and PRDM1 is absent in the intestinal epithelial cells of adult mice (Harper et al., 2011) . In contrast, neonatal mice, which have a high expression level of PRDM1 in the intestinal epithelial cells (Harper et al., 2011) , are susceptible to C. parvum infection (Kapel et al., 1996; Lacroix et al., 2001 ). The pathogenic role of PRDM1 in C. parvum infection of neonatal mice requires further exploration using conditional PRDM1 knockout mice. Occupancy of Cdg7_FLc_0990 and its association with G9a/PRDM1-mediated trans-suppression of LRP5, SLC7A8, and IL-33 genes induced by Cryptosporidium parvum (C. parvum) infection. (a) Occupancy of Cdg7_FLc_0990 to the LRP5 and SLC7A8 promoter regions in infected cells. HCT-8 cells were exposed to C. parvum (CP) infection for 24 hr, followed by chromatin isolation by RNA purification analysis using a pool of biotinylated tiling probes to target Cdg7_FLc_0990. Chromatin complexes were purified and the resultant genomic DNA fragments were validated using real-time polymerase chain reaction (PCR) with the same designed primer sets for chromatin immunoprecipitation assay for LRP5 and SLC7A8 genes. Primer sets designed for LacZ served as the controls. (b) Knockdown of Cdg7_FLc_0990 delivered into the infected cells through host cell transfection of an siRNA. An siRNA to Cdg7_FLc_0990 was used to treat HCT-8 cells for 24 hr, followed by exposure to C. parvum for 12 hr. Nuclear content of Cdg7_FLc_0990 was quantified using real-time PCR. A nonspecific scrambled siRNA (Ctrl-siRNA) was used for control. (c) Knockdown of Cdg7_FLc_0990 attenuated C. parvum-induced gene suppression and H3K9me3 enrichment in infected cells. HCT-8 cells were treated with the siRNA to Cdg7_FLc_0990 for 12 hr and exposed to C. parvum infection for an additional 24 hr. Cells were collected for measurement of expression levels of selected genes using real-time PCR or chromatin immunoprecipitation analysis for the enrichment of H3K9me3 to the associated gene loci. A nonspecific scrambled siRNA (Ctrl-siRNA) was used for control FIGURE 6 Schematic representation of the proposed model for transcriptional suppression of host genes in infected cells through nuclear transfer of Cryptosporidium parvum (C. parvum) Cdg7_Flc_0990. C. parvum Cdg7_FLc_0990 transcript is selectively delivered into the nuclei of infected host cells through HSP70-mediated nuclear translocation of RNA cargos. Nuclear transfer of Cdg7_FLc_0990 promotes the recruitment of G9a/PRDM1 to specific gene loci, resulting in H3K9 methylation-mediated transcriptional suppression of the LRP5, SLC7A8, and IL33 genes One of the hallmarks of intestinal cryptosporidiosis is the inhibition of epithelial differentiation and disturbances in epithelial metabolism (Sasahara et al., 2003; Savidge, Shmakov, Walker-Smith, & Phillips, 1996) . Consequently, a significant decrease in the height of intestinal villi has been reported during C. parvum infection of neonatal mice (Sasahara et al., 2003) . Trans-suppression of genes key to epithelial cell differentiation and metabolism, such as LRP5 and SLC7A8, may be an important pathologic factor in C. parvum-induced epithelial disturbances. Pathologically, manipulation of host cell gene transcription by C. parvum may benefit intracellular parasitic development. The intestinal mucosa is a monolayer of rapidly self-renewing epithelial cells. New functional epithelial cells are produced from stem cells in the crypt base, differentiated, and migrated from the crypt base to the luminal surface; hence, the entire intestinal epithelium is replaced every 2- 
| Infection models and infection assays
Models of intestinal cryptosporidiosis using cultured cell lines were employed as previously described (Chen et al., 2001) . Infection was done in culture medium containing viable C. parvum oocysts (oocysts with host cells in a 5:1 ratio). For in vivo infection, we adapted a murine model of intestinal cryptosporidiosis in neonatal mice (Kapel et al., 1996; Lacroix et al., 2001; Novak & Sterling, 1991) . Briefly, mice at the age of 5-7 days after birth received C. parvum oocysts by oral gavage (10 5 oocysts per mice). Mice receiving vehicle (phosphate-buffered saline [PBS] ) by oral gavage were used as control. At 24 and 48 hr after cryptosporidium or vehicle administration, animals were sacrificed and ileum intestine tissues were collected. At least five animals from each group were sacrificed and ileum tissues were obtained for immunohistochemistry and biochemical analyses. Real-time PCR and immunofluorescence microscopy were used to assay C. parvum infection as previously reported (Chen et al., 2001; Sasahara et al., 2003; Zhou et al., 2009 ). The intestinal tissues were stained with H&E and villus height was assessed as previously reported (Sasahara et al., 2003) .
| PCR
For quantitative analysis of mRNA and C. parvum RNA expression, comparative real-time PCR was performed as previously reported (Carpenter et al., 2013) using the SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA). Details, including RNA isolation, are as previously described . The sequences for all the primers described above are listed in Table S1 . Table S1 .
4.6 | Whole cell, cytoplasmic, nuclear extracts, Western blot, and Co-IP Whole cell extracts were prepared using the M-PER Mammalian Protein Extraction Reagent (Fisher) supplied with cocktail protease inhibitors according to manufacturer instruction. The cell pellet was incubated in the M-PER Mammalian Protein Extraction Reagent on ice for 30 min and centrifuged at 132,000 rpm for 20 min, and the supernatants were saved as the whole cell extracts. Cytoplasmic and nuclear extracts were obtained using the standard approach, as previously reported (Abmayr, Yao, Parmely, & Workman, 2006) . Briefly, the cell pellet (1X10 7 ) was resuspended in 1 ml of cell lysis buffer A (10 mM Tris-HCl PH7.4, 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40, and cocktail protease inhibitor) on ice for 10 min. After centrifugation at 500 g for 5 min, the supernatants were saved as cytoplasm fraction and the nuclei pellets were collected and washed with the lysis buffer A devoid of NP-40. After centrifugation, the nuclei pellets were resuspended in 100 μl of nuclei lysis buffer (10 mM Tris-HCl PH7.4, 400 mM NaCl, 1 mM EDTA, 1 mM DTT and cocktail protease inhibitor 4.7 | RNA stability RNA stability assay was performed by real-time PCR as previously reported (Subramaniam et al., 2008; Zhou et al., 2009) . Briefly, cells
were exposed to C. parvum infection for 24 hr, and transcription was then blocked using actinomycin D (10 μg/ml, Sigma); RNAs were isolated at various time points after actinomycin D treatment. Real-time PCR was then performed using 500 ng of template cDNA for each mRNA gene of interest. Each sample was run in triplicate. The relative abundance of each mRNA was calculated using the ΔΔCt method and normalised to GAPDH. The relative amount of mRNA at 0 hr following actinomycin D treatment was arbitrarily set to 1. Curve fittings of the resultant data were performed using Microsoft Excel, and the half-lives of the RNAs calculated.
| RIP, ChIP, and ChIRP analyses
The formaldehyde cross-linking RIP was performed as described (Niranjanakumari, Lasda, Brazas, & Garcia-Blanco, 2002) . Briefly, cells in culture were first treated with trypsin, washed once with culture medium containing 10% FBS, washed twice with 10 ml PBS, and resus- was then diluted with WCE buffer to a total volume of 1 ml, mixed with the specific antibody-coated beads, and incubated with rotation at 4°C for 4 hr, followed by washing four times with WCE buffer containing protease and RNase inhibitors. Anti-G9a and anti-PRDM1 were used for the immunoprecipitation. The collected immunoprecipitated RNA-protein complexes and inputs were digested in the digestion buffer (100 mM NaCl, 10 mM TrisCl pH 7.0, 1 mM EDTA, 0.5% SDS) with addition of 100 μg Proteinase K and incubated at 50°C for 45 min with end-to-end shaking at 400 rpm. Formaldehyde cross-links were reversed by incubation at 65°C with rotation for 4 hr. RNA was extracted from these samples using Trizol according to the manufacturer's protocol (Invitrogen) and treated with DNA-free DNase Treatment & Removal I kit according to the manufacturer's protocol (Ambion Inc., Austin, TX). The presence of RNA was measured by quantitative RT-PCR using the CFX Connect Real-Time system (BioRad). Gene-specific PCR primer pairs are listed in Table S1 .
For ChIP analysis, a commercially available ChIP Assay Kit (Upstate Biotechnologies) was used in accordance with the manufacturer's instructions. In brief, cells were cultured and the genomic DNA was then sheared to lengths ranging from 200 to 1,000 BP by sonication, as previously described . Whereas 1% of the cell extracts was taken as input, the rest of the extracts were incubated with specific antibodies or control IgG overnight at 4°C, followed by precipitation with protein A agarose beads. The DNA-protein complex was eluted, proteins were digested with proteinase K, and the DNA was detected by real-time quantitative PCR analysis.
The following antibodies were used for ChIP analysis: anti-PRDM1
(Cell Signaling Technology), anti-G9a (Sigma), anti-H3K9me3 (Abcam), and anti-H3K27me3 (Millipore). The PCR primers used for ChIP analysis are listed in Table S1 .
ChIRP analysis was performed as previously reported (Chu et al., 2011) . Briefly, a pool of tiling oligonucleotide probes with affinity specific to the C. parvum RNA sequences was used and glutaraldehyde cross-linked for chromatin isolation. The sequences for each probe are listed in Table S2 . The DNA sequences of the chromatin immunoprecipitates were confirmed by real-time PCR using the same primer sets covering the gene promoter regions of interest as for ChIP analysis. A pool of scrambled oligo probes and primers for LacZ were used as controls.
| Statistical analysis
All values are given as mean ± SE. Means of groups were from at least three independent experiments and compared with Student's t test (two-tailed and unpaired) or the ANOVA test when appropriate.
p values < .05 were considered statistically significant.
